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Description 

RELATED APPLICATIONS 

[0001] This application claims priority of U.S. provisional patent application serial number 60/327,097, filed October 
3, 2001 in the name of Daichi Funato, which is incorporated herein by reference. 

BACKGROUND 

[0002] The present invention relates generally to radio communication systems. More particularly, the present in- 
vention relates to a method and associated apparatus for distributed dynamic paging area clustering under heteroge- 
neous access networks. 

[0003] As wireless technology and the Internet are commercially developed, mobile Internet access becomes more 
and more popular globally. In the developing third generation and fourth generation (3G and 4G, respectively) wireless 
system, wireless and Internet technology will be combined together. In such systems, a mobile host is free to move 
about a region while remaining in radio contact with a base station or otherfixed infrastructure access point. Each base 
station of a network serves mobile hosts in a geographic area surrounding the base station. As the mobile host moves, 
communication with the mobile host is handed off from one base station to another. Research and standardization 
efforts are currently underway with a goal to integrate both cellular technologies and Internet technologies. Paging 
technology is one such technology. 

[0004] Paging technology partitions all cells in a cellular system into several different areas called paging areas. A 
mobile host travelling across these paging areas is required to register a new location whenever it moves from one 
paging area to a different one. When the mobile host is within a paging area, its exact location is unknown to the system. 
As a result, when a call arrives, the exact location of the called MH is determined by sending paging message to all 
cells of the MH's paging area. Paging technology has proven to be very effective to reduce the power consumption at 
the mobile host. 

[0005] Paging technology is used to track a mobile host (MH) that is in a dormant mode. The mobile host enters the 
dormant mode when not actively communicating in order to conserve battery power. While in the dormant mode, how- 
ever, a MH is capable of receiving a signal from a nearby access point, reporting to it an area identifier (ID) indicating 
the paging area where the MH is traveling. The paging area is the portion of a network or system to which a paging 
signal intended for a particular MH is broadcast. While traveling from one paging area to another, the MH can recognize 
if and when it crosses the boundary between paging areas and enters another paging area because it begins receiving 
a different area ID signal upon crossing the boundary. The MH, upon reception of the different area ID signal, wakes 
up from the dormant mode to an active mode and sends a signal to register itself with the new paging area. 
[0006] In 3G and 4G wireless systems, the backbone is assumed to be an Internet Protocol (IP) network. IP is a 
standardized communication format applicable to both wireless and wireline communication systems, or a combination 
of the two. An IP based paging protocol is necessary for 3G and 4G wireless systems. 

[0007] A challenge in the development of IP paging technology is howto assign paging areas. Two issues have been 
identified with defining and arranging or configuring paging areas. The first issue is on the size of a paging area. If 
each paging area is sized to be relatively large, significant network resources must be diverted to paging operations 
conducted in that area. A paging signal must be broadcast extensively to cover the large area to locate just one MH. 
If each paging area is defined to be relatively small, a significant amount of energy will be used in the MH for responding 
to paging signals. If paging areas are defined to be relatively small, the MH will frequently cross a boundary between 
two adjacent paging areas. Each time the MH crosses a boundary, it has to wake up and register with a new area, 
dissipating battery power 

[0008] The other issue in sizing paging areas is overlapping of paging areas. In current communications systems, 
each paging area is allowed to have a limited number of area IDs (usually one area ID). Some arrangements are 
needed to dynamically define and arrange paging areas under this constraint on the number of area IDs that each 
paging area is allowed to have. 

[0009] Much existing research has been done on how to construct an appropriate paging area. In one reference, it 
is proposed to use an individual location area concept that treats mobile user with different mobility and call charac- 
teristics differently to reduce the average signaling cost of mobility management. Based on this concept, several ap- 
proaches such as a time-based strategy and profile-based strategy have been introduced for the cellular paging sys- 
tems. However, all this research has been directed to design a static paging area which means the paging area con- 
struction will be fixed all the time. However, simulation results show that such fixed paging area design will lead to a 
high paging cost under many circumstances. This is because the user traffic varies from time to time; a static paging 
area may not be able to cover the traffic pattern well so that the location update cost increases significantly. 
[0010] Current paging technology uses fixed paging areas. Paging areas are manually defined and arranged, and 
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once defined and arranged, they are seldom changed. These manually defined paging areas are thus inflexible and 
cannot adapt themselves to changes in communication traffic. Also, since paging areas are defined manually, human 
errors are unavoidable. Some proposals have been made on dynamic configuration of paging areas, but these pro- 
posals permit unlimited overlapping of area IDs. In these proposals, each MH dynamically computes and shapes its 
s optimal paging area size according to the traffic and movements. Naturally, each paging area overlaps in those indi- 
vidual paging schemes. 

[0011 J Much research has been done to optimize paging area configuration so that the overall paging cost can be 
minimized. The total paging cost for the system comes frpm two parts, location update cost and paging cost. The 
location update cost is the resource used to update the user iocation when the user moves into a new paging area. 
10 The paging cost is the resource used to send messages to the user within each paging area. A properly designed 
paging area should be able to minimize the overall paging cost. 

[0012] A dynamic paging area construction algorithm has been proposed. For example, a dynamic method for con- 
figuring sizes and shapes of paging areas, along with an individual location, has been proposed. However, it is difficult 
to control location area overlap in the proposed method. Paging area overlap has to be controlled in most cellular 
15 system such as the Personal Digital Cellular (PDC) system in Japan, the Global System for Mobile communication 
(GSM) and wideband code division multiple access (W^-CDMA) systems. These wireless systems are designed to 
broadcast a restricted number of paging area IDs per base station at a time. As a result, a base station can not belong 
to many location areas simultaneously. 

[0013] Accordingly, there is a need for an improved paging area construction method and apparatus. 

20 

BRIEF SUMMARY 

[0014] By way of introduction only, in accordance with the presently disclosed embodiments, paging areas may be 
automatically reconfigured as required. Paging areas can be adaptively reconfigured in accordance with changes in 
movement traffic of mobile hosts. The system and method in accordance with these embodiments work under a con- 
straint that only a limited number of area IDs are permitted for each paging unit area. Also, the system and method 
work over heterogeneous access networks. Thus, according to the presently disclosed embodiments, paging areas 
reconfigure themselves according to changes in movement traffic of MHs. 

[0015] The foregoing summary has been provided only by way of introduction. Nothing in this section should be 
taken as a limitation on the following claims, which define the scope of the invention. 

BRIEF DESCR PTION OF THE DRAWINGS 

[0016] 

FIGS. 1-6 are block diagrams of various embodiments of a radio communication network; 
FIGS. 7 and 8 are block diagrams illustrating reconfiguration of paging areas in a radio communication system; 
FIG. 9 is a block diagram showing exemplary embodiments of a mobile host and two last hop routers; 
FIG. 10 is an operational block diagram of the paging clustering agent of FIG. 9; 

FIGS. 11 and 12 illustrate organization of one embodiment of the probability map of the paging area clustering 
agent of FIG. 9; 

FIG. 13 shows an exemplary cluster map of the paging clustering agent of FIG. 9; 

FIG. 14 shows one embodiment of the format of default information in the exemplary cluster map of FIG. 13; 
FIG. 15 shows one embodiment of the format of branch information in the exemplary cluster map of FIG. 13; 
FIG. 1 6 shows one embodiment of the format of root information In the exemplary cluster map of FIG. 13; 
FIG. 17 is an operational block diagram of the clustering process of FIG. 10; 
FIG. 1 8 is an operational block diagram of the paging forwarding function of FIG. 10; 
FIG. 1 9 is an operational block diagram of the probability map update process of FIG. 1 0; 
FIG. 20 is an operational block diagram of the host reporter agent in the mobile host of FIG. 9; 
FIG. 21 illustrates clustering of paging areas represented by their paging area clustering agents; 
FIGS. 22 - 26 illustrate clustering operations; and 

FIGS. 27-35 illustrate communication during clustering operation procedures. 
DETAILED DESCRIPTION OF THE PRESENTLY PREFERRED EMBODIMENTS 

[00171 ,n systems that use paging, mobile hosts operate in one of two modes, active and dormant mode. When 
actively transmitting or receiving data, the mobile terminal is in an active state. In this state, the network knows has 
location informErtion for the mobile host and is ready to deliver data immediately. If the mobile host is inactive for a 
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period of time, it will change into a dormant mode. In dormant mode, the network's location information for the mobile 
host may be stale. If data arrives in the network for the mobile host, the mobile host must first be located before data 
can be delivered. This procedure of locating the mobile host is broadly referred as paging. 

[0018] Paging is beneficial for a mobile host because it reduces the amount of time the mobile host is required to 
5 listen to the radio interface, which drains the mobile host's battery. Furthermore, paging reduces network signaling 
costs by requiring the mobile host to signal only when it crosses a paging area boundary rather than when it switches 
between base stations. The large amount of signaling for mobile terminal tracking is reduced when paging areas contain 
many base stations. 

[001 9] Referring now to the drawing, FIG. 1 is a block diagram of one embodiment of a radio communication network 
10 100. The network 100 includes a first last hop router (LHR) 1 02, a second LHR 104, a plurality of access points (AP) 
106, 108, 110 associated with the first LHR 102 and a plurality of access points 112, 114, 116 associated with the 
second LHR 1 04. A first mobile host (MH) 120 is in communication with the first plurality of access points 106, 108, 
110 and a second mobile host 122 is in communication with the second plurality of access points 112, 114, 116. As 
used herein, communication may be wireline or wireless communication. One example of wireline communication is 
15 digital communication according to TCP/IP. One example of wireless communication is IP communication on a W-CD- 
MA network. 

[0020] The last hop routers 1 02, 1 04 are in communication with an internet protocol (IP) network 118, which may be 
the Internet or a subnetwork. The last hop router is the edge router to which a mobile host may be connected. A last 
hop router series a last hop subnet (LHS). A last hop subnet is the edge subnet to which a mobile host is directly 

20 connected. Thus, LHR 102 serves LHS 132 and LHR 104 serves LHS 134. 

[0021] Access points 106, 108, 110, 112, 114, 116 are equipment that provides paging and access through a layer 
2 connection to a mobile host within a cell served by each respective access point. Examples of access points are 
base stations r\ a cellular or personal communication system (PCS) network. Thus, access point 106 serves a cell 
136; access point 108 serves a cell 138; access point 110 serves a cell 140; access point 112 serves a cell 142; access 

25 point 114 serves a cell 144; and access point 116 serves a cell 146. 

[0022] A mobile host (MH) such as mobile hosts 120, 122 is a standard IP host, able to communicate with remote 
devices using internet protocol. Typically, a MH is battery powered so as to be mobile or portable. A MH further includes 
the ability to enter a dormant mode which is a low-power mode. The dormant mode is a state in which the MH restricts 
its ability to receive normal IP traffic by reducing its monitoring of radio channels. This allows the MH to save battery 

30 power and reduces signaling load on the network. Actual two way communication requires exiting the dormant mode 
and return to an active mode. 

[0023] The communication network 100 is configured to provide paging for mobile hosts in the network. Paging is 
signaling by the communication network 1 00 through radio access points directed to locating a dormant mode MH and 
alerting it to establish a last hop connection. In a last hop connection, the MH is In two-way communication with an AP. 
35 A paging area is a collection of radio access points that are actuated to locate a dormant MH. A dormant mode MH 
may be required to signal to the network when it crosses a paging area boundary so that the network can maintain an 
approximate location for the MH. A paging area cluster is a collection of paging areas which share a common paging 
area identifier. 

[0024] A typical IP paging protocol operates as follows: 

40 

A. Registration 

When a mobile host enters dormant mode or when it moves out of its current paging area, it registers with a 
tracking agent (TA) of a base station. A tracking agent is responsible for tracking a mobile host's location while it 
is in dormant mode or active mode, and for determining when the mobile host enters active mode. Registration 

45 specifies the mobile host's identity (home address for example) and the identifier of its current paging area. Upon 

reception of a paging registration, the TA creates an entry that binds the hosfs identity with the paging agent (PA) 
that is in charge of the paging area specified in the registration. A paging agent is responsible for alerting the 
mobile host when a packet arrives and the host is in dormant mode. It also sends a report to a dormant monitoring 
agent (DMA) when the host has entered dormant mode. The dormant monitoring agent detects the delivery of 

50 packets to a host that is in dormant mode. 

B. Packet Delivery 

During the dormant period, if data arrives in the network for the mobile host, the host must first be located 
before data can be delivered. When the DMA receives packets for the host, it buffers them, since the host is 
registered as dormant. The DMA then asks the TA for the host's current PA. The TA in turn asks the PA to page 
55 the mobile host. The PA sends a paging request to all base stations in the network which belong to the PA. Finally, 

each base station broadcasts a radio transmission containing the page on a downlink to the dormant mobile host. 
When the mobile host wakes up from the dormant mode to the active mode, it sends a response message in the 
on the uplink to the paging base station. The mobile host enters the active state and registers its current location. 
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For example, the mobile host provides a care-of address to the DMA. The DMA then forwards the packets to the 

registered mobile host. 

C. Dynamic Paging Area Configuration 

Proper design of paging areas is based on a tradeoff between paging traffic and location update traffic. As the 
5 size of the paging area increases, the paging cost increases and the location update cost decreases. On the other 

hand, as the size of the paging area decreases, the paging cost decreases and the location update cost increases. 
In general, paging traffic is proportional to the number of calls to base stations in the paging area, while location 
update traffic is proportional to the number of mobile hosts crossing paging area borders. 

10 [0025] A dynamic paging area configuration algorithm must minimize the overall network location updating and pag- 
ing cost. Generally, paging traffic is less critical than location update traffic since a location update affects not only the 
radio resource, but the load of distributed location databases in TA as well. 

[0026] In the description herein, it is assumed that beacon frames are transmitted periodically or continuously from 
each base station or base station router to allow mobile hosts to identify current location information. The beacon frame 
15. must contain at least a Paging Area ID (PA-ID) and a Base Station ID (BS-ID). 

[0027] A PA-ID indicates the current paging area. The PA-ID may change when the base station changes its paging 
area. A BS-ID uniquely identifies a base station. The BS-ID is fixed. It is assumed the PA-ID and BS-ID are the same 
at the time of system initialization. 

[0028] It is further assumed that a mobile host is able to listen to beacons from base stations even if it is in its dormant 
20 mode. Furthermore, it is assumed that the mobile host is able to identify the BS-ID of the cell in which the mobile host 
currently located and save this information for the later use. 

[0029] It is further assumed that each base station router has capabilities of a paging agent (PA) and a dormant 
monitoring agent (DMA). It is also assumed that the PA-ID and the BS-ID can be mapped to the layer-3 address (IP 
address) of base station routers using layer-2 to layer-3 mapping protocols such as Inter Access Point Protocol. That 

25 means an IP address of a BSR can be obtained from the beacon information. 

[0030] The network communication protocol defines a message for movement traffic sampling. A mobile host listens 
to beacons and can store the latest beacon information. This stored data is used for pollination to a next base station. 
When a mobile host moves to another paging area, it wakes up from the dormant mode to the active mode and updates 
its location information to the TA and DMA through a transmission to a base station. At that time, the mobile host 

30 contains the memory of the previous beacons even if it was not registered to that base station. A message is defined 
to send the information to the new base station. The notification message contains the PA-ID and BS-ID of the previous 
base station so that the new base station recognizes the origin of the mobile host. 

[0031] FIGS. 1 , 2, 3, 4 and 5 show one example of a network with an exemplary paging area. In FIG. 1 , each LHR 
1 02, 1 04, creates a last hop subnet in which three access points are deployed. Each respective AP defines a respective 
35 cell. 

[0032] FIGS. 2-5 illustrate additional examples of networks with additional exemplary paging areas. In FIG. 2, a 
network 200 includes a single LHR 202 and one AP 204. A cell 206 is served by the AP 204. The LHR 202 defines 
one LHS 208 and one paging area 21 0 coextensive with the LHS 208. In FIG. 3, a network 300 includes one LHR 302 
and two APs 304, 306. The AP 304 serves a cell 308 and the AP 306 serves a cell 31 0. The LHR 302 and APs 304, 

40 306 together define one LHS 312 and a coextensive paging area 314. 

[0033] In FIG. 4, a network 400 includes two LHRs 402, 404. The LHR 402 has two associated APs 406, 408. Each 
of the APs 406, 408 serves an associated cell. Similarly, the LHR 404 has two associated APs 410, 412. Each of the 
APs 410, 412 serves an associated cell. The APs 406, 408 together create an LHS 414. The APs 410, 412 together 
create an LHS 416. All four APs 406, 408, 410, 412 together create one paging area 418. 

45 [0034] In the network 500 of FIG. 5, a LHR 502 has four associated APs 504, 506, 508, 510. Each AP serves a 
respective cell. Each pair of APs creates a paging area. Thus, the pair of APs 504, 506 creates a paging area 512 and 
the pair of APS 508, 510 creates a paging area 514. The paging areas 512, 514 together form a LHS 516. 
[0035] In the network 600 of FIG. 6, two LHRs 602, 604, in conjunction with three access points 61 0, 612, 614, define 
a paging area 616. The AP 61 0 is associated with a first access network 620. The AP 61 2 is associated with a second 

50 access network 622. The AP 614 is associated with a third access network 624. Each AP 610, 612, 614 services an 
associated cell, providing radio communication to mobile hosts within the associated cell. The paging area 61 6 extends 
over portions of each of the access networks 620 : 622, 624. 

[0036] Thus, paging areas may be arranged in any of a wide variety of conf igu rations. Paging areas may exist within 
and among last hop subnetworks and within and among access networks. In accordance with the embodiments dis- 
ss closed herein, paging areas may be dynamically reconfigured as required by system circumstances. 

[0037] FIG. 7 is a block diagram illustrating reconfiguration of paging areas in a radio communication system. FIG. 
7 shows a portion of a cellular radio communication network 700 positioned near a road 702. The network 700 includes 
a plurality of access points serving cells such as cells 704, 706, 708. Initially, each cell corresponds to a minimum 
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paging area. Minimum paging areas are defined by circles with respect to the road 702 as shown in the left drawing 
of FIG. 7. As radio traffic in the network 700 increases along with vehicle traffic along the road 702, paging areas 
located along the road will be joined to define one large paging area 710 as shown in the right drawing of FIG. 7. 
Subsequently, as traffic permits, paging areas may be ungrouped even to the point of minimum paging areas such as 

5 in the left drawing of FIG. 7. 

[0038] Preferably, paging areas are auto configured to minimize human effort and error. Paging areas are preferably 
well adapted to user movements to enhance paging efficiency in the network. Further, the method which produces this 
paging area clustering preferably provides a limited overlapping permission mechanism. Still further, the method of 
paging area clustering should be applicable across many heterogeneous access networks. 

10 [0039] FIG 8 s a series of block diagrams illustrating another example of paging area clustering. FIG. 8 shows time 
variation in paging areas in a radio communication system 800. In the drawings of FIG. 8, each hexagon shows a 
minimum paging area. Combined or clustered paging areas have common fill patterns. Starting from the upper left 
drawing of FIG. 8, movement traffic of mobile hosts (MHs) from area c to area d increases. Movement of traffic of MHs 
is represented by the arrows within each individual drawings of FIG. 8. This depiction is a simplification of traffic in an 

15 actual system. As a result of this traffic movement, area d adopts area c's area ID, and areas c and d become one 
paging area, as is shown by the changed fill of area d in the upper right drawing of FIG. 8. 

[0040] Subsequently, as shown in the upper right drawing, MH traffic increases from area a to area b. As a result, 
area b adopts area sts area ID, and areas a and b become one paging area, as shown by the changed fill of area b. 
Subsequently, as shown in the lower right drawing of FIG. 8, MH traffic increases from area b to area c. As a result, 
20 as shown in the lower left drawing, areas c and d adopt area bs area ID, and areas a, b, c and d become one large 
paging area. Thus, in this exemplary embodiment, paging areas reconfigure themselves according to changes in move- 
ment traffic of MHs. 

[0041] FIG. 9 is a block diagram showing exemplary embodiments of a mobile host 902 and two last hop routers 
904, 906. Each of these devices and its components will be describe below. 

25 [0042] The mobile host (MH) 902 may be embodied, for example, as a cellular or PCS telephone, a personal digital 
assistant (PDA), a personal computer, or combinations of these or any other electronic devices. The mobile host 902 
includes a host reporter agent 908 and a layer 3 mobility agent 910. In a typical embodiment, the mobile host 902 is 
embodied as a mobile or portable electronic device including a battery, a processor, memory, a user interface and radio 
circuit. These components are not shown in FIG. 9 so as not to unduly complicate the drawing. The battery provides 

3o operating power for the MH 902. The processor may by a microprocessor, microcontroller digital signal processor or 
other logic device or combination of devices which controls operation of the mobile host 902. The processor operates 
in response to program instructions stored in the memory, which may be semiconductor memory such as flash, EPROM 
or RAM. The user interface permits control of the mobile host 902 by a user and may include a display, a keypad, a 
speaker and a microphone or other components. The radio circuit permits radio communication with a remote device 

35 such as the last hop router 904. The radio circuit in a typical embodiment includes a transmitter and a receiver which 
encodes and decodes, modulate and demodulate radio signals, respectively. By means of the radio circuit, the mobile 
host 902 communicates over a radio link 914 with the last hop router 904. 

[0043] The host reporter agent 908 and the layer 3 mobility agent 910 are implemented as software processes 
controlling operation and communication in the mobile host 902. The host reporter agent 908 is responsible for reporting 
40 movement of the MH 902 to a paging area clustering agent of a last hop router such as LHR 904, 906. The layer 3 
mobility agent 91 0 informs a dormant monitoring agent of a LHR of the arrival of an IP packet. The host reporter agent 
908 and the layer 3 mobility agent 910 will be described in greater detail below. 

[0044] The last hop routers 904, 906 of the exemplary embodiment of FIG. 9 include a paging area clustering agent 
920, a dormant monitoring agent 922, a local paging agent 924, a local tracking agent 926 and a layer 3 mobility agent 

45 928. In a typical embodiment, the last hop router 904, 906 provides a radio or wireline link to mobile hosts such as MH 
902. The link may include a wireline link to an access point such as a cellular base station which is in radio communi- 
cation with one or more MHs. The last hop router 904, 906 further provides a wireline link to other network devices 
such as other routers. Communication with the last hop router 904, 906 is preferably according to internet protocol (IP) 
but may be in accordance with any suitable data communication protocol or standard. 

so [0045] In an exemplary embodiment, the last hop router 904, 906 includes a processor, a memory and communication 
circuits. The processor may be a microprocessor or other digital logic for controlling the operation of the last hop router 
904, 906, but may be any suitable control circuit. The processor operates in conjunction with program instructions and 
data stored in the memory. Communication circuits provide communication of data and instructions between the last 
hop router 904 906 and other network devices. The processor, memory and the communication circuits are not shown 

55 in FIG. 9 so as to not unduly complicate the drawing figure. 

[0046] In FIG. 9, the last hop router 904 and the last hop router 906 are shown as being substantially identical. 
However, it will be appreciated that these components may vary widely in their structure and operation depending on 
their operational requirements. 
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[0047] The paging area clustering agent (PCA) 920 operates to receive movement reports from mobility reporter 
agents of mobfle hosts in communication with last hop router 904, 906. A PCA is notified by a dormant monitoring 
agent (DMA) ot a packet arrival to a mobile host and sends paging clustering messages to the local paging agent (LPA) 
clusters. Once the PCA 920 receives positive or negative results from LPA clusters, the PCA notifies the DMA. Structure 

5 and operation of the PCA 920 will be described in greater detail below in conjunction with FIG. 10. 

[0048] The dormant moniLoring agenl (DMA) 922 operates to detect the delivery of packets to a MH such as the MH 
902 that is in dormant mode and to inform the PCA 920 to page the MH. Dormant mode is a low power sleep mode 
which may be entered by the MH to conserve battery power in the MH. Once the PCA 920 has reported that a routable 
connection to a network such as the Internet exists to the MH, the DMA 922 arranges for delivery of the packet to the 

10 MH. In addition, the MH may change a DMA as the MH changes paging area. 

[0049] The local paging agent 924 (LPA) is responsible for alerting a mobile host such as the MH 902. Additionally, 
the LPA 924 maintains paging areas by periodically wide casting information over the link to the mobile host to identity 
the paging area. In this exemplary embodiment, each paging area can be served by multiple Laps. 
[0050] The local tracking agent (LTA) 926 is responsible for tracking the location of a MH while it is in a same last 

15 hop subnet (LHS) when the MH is in either dormant mode or active mode. The layer 3 mobility agent 928 can be a 
Mobile IP Home Agent or Foreign Agent as those terms are conventionally known. The layer 3 mobility agent 928 
informs the DMA 922 of the arrival of an IP packet. 

[0051] The PCA 920, DMA 922, LPA 924, LTA 926 and Iayer3 mobility agent 928 are preferably software processes 
implemented on the last hop router 904, 906. Suitable program code and data for performing these software processes 
20 may be stored in memory of the last hop router 904, 906 for operation of a processor or other control circuit of the last 
hop router 904 ; 906. 

[0052] FIG. 1 0 is an operational block diagram of the paging area clustering agent 920 of FIG. 9. The paging area 
clustering agent 920 in the exemplary embodiment includes a probability map (PMAP) 1002, a cluster map 1004, a 
probability map update process 1 006, a clustering process 1 008 and a paging forwarding process. These components 
25 of the paging area clustering agent 920 are preferably embodied as software processes forcontrolling a last hop router 
such as the LHR 904, 906 of FIG. 9. 

[0053] The paging area clustering agent 920 maintains a probability map 1002 to decide which paging group the 
PCA 920 should join. The PCA 920 uses a cluster map to maintain the relation to other paging area clustering agents. 
The probability map update process (PU P) 1 006 operates to maintain the probability map 1 002. The clustering process 

30 1008 performs the core functions of the paging area clustering agent 920. The paging forwarding process (PFP) exe- 
cutes forward paging requests. Each of these processes will be described in greater detail below. 
[0054] FIGS. 11 and 12 illustrate organization of one embodiment of the probability map 1002 of the paging area 
clustering agent 920 of FIG. 9. The PMAP 1002 includes a statistical record of past movement traffic of MHs. In the 
PMAP 1002, each minimum paging area or paging unit area is defined with two spatial variables (X, Y) as shown in 

35 FIG. 11. 

40 where \ 9 denotes the area ID of paging area /. 



where ti,- denotes the network address identifier (NAI) of paging area i A NAI may be an IP address. 
[0055] An example is illustrated in FIG. 12. Assume that in past operation of the network, the probability that MH 
traffic moved from (^/n-j) to (^ 5 ,-r\ s ) for a specific time period is 40%. The probability that MH traffic moved from (£ 2 , 
T| 2 ) to £ 5 , T| 5 ) is 30%. The probability that MH traffic moved from (£ 2 , to £ 5 , ti 5 ) is 20%. The probability that MH 
traffic moved from (£a, ti 8 ) to (£ 5 , ti 5 ) is 10%. Accordingly, the PMAP 1002 has a table 1202 entitled "two dimensional 
map" on in FIG. 12. This two dimensional map table is converted into a table 1204 entitled "one dimensional map." In 
conversion, probabilities of coming from the same paging area IDs (£) are added. This one dimensional map indicates 
that area ID (^) should be changed to area ID (£ 2 ) because, according the past movement traffic statistics, MH traffic 
came most into that area from area (£ 2 ). Thus, the PMAP 1002 tells which paging areas should be merged together 
or which paging areas should be severed from each other. 

[0056] FIG. 13 illustrates organization of the cluster map (CMAP) 1004 of the paging area clustering agent 920 of 
FIG. 1 0. The CMAP 1 004 maintains information as to which paging area is currently joined to or belongs to which area. 
As shown in FIG. 13, the cluster map 1 004 stores three kinds of information: default information 1302; branch infor- 
mation 1304; and root information 1306. At the outset of operation, paging areas are independent and not joined to 
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any other areas. 

[0057] FIG. 14 shows one embodiment of the format of the default information 1302. The default information 1302 
includes the paging area ID 1 402 of such an independent paging area. The default information 1 302 further includes 
the network address identifier (NAI) 1404 for the paging clustering agent (PCA). The NAI is unique to the PCA and 

s includes, for example, its IP address. 

[0058] FIG. 1 5 shows one embodiment of the format of the branch information 1 304. In this embodiment, the branch 
information 1304 includes the root paging identifier (PID) 1 502 of the cluster group's paging clustering agent, a network 
address identifier 1504 for a predecessor paging clustering agent, and a list of network access identifiers 1506 for 
paging cluster agents which may be successors to the current PCA.. 

10 [0059] FIG. 1 6 shows one embodiment of the format of the root information 1 306. The root information 1 306 includes 
a root paging identifier 1602, which is preferably equal to the default PID for the paging clustering agent. The root 
information 1 306 further includes a complete list 1 604 of network address identifiers of possible successor paging area 
clustering agents. In the list 1604, each nearest possible successor PCA has associated with it a list of adjacent PCA 
network address identifiers. Thus, the first entry 1606 in the list 1604 of FIG. 16 is a list 1608 of possible successor 

15 PCA NAIs. Similarly, the second entry 1610 in the list 1604 includes a list 1612 of possible successor PCA NAIs. in 
the preferred tree structure, entries of the list 1608 further include associated leaf PCA NAIs such as NAI 1814. 
[0060] The branch information 1 304 and root information 1 306 may be explained, using the example of FIG. 8. Paging 
areas a, b, cand dall have the same ID assigned to area a. Area a is called a root area and has the root information. 
The root information indicates all of the paging areas that belong to the root area, i.e., areas b r c and d, in a tree 

20 structure. Paging areas other than root areas have branch information that indicates an immediately preceding paging 
area and all of the succeeding paging areas depending from it. Thus, for instance, area b has branch information that 
indicates that the immediately preceding area is a, and the succeeding areas are c and d. 

[0061] FIG. 17 is an operational block diagram of the clustering process 1008 of FIG. 10. The clustering process 
(CP) 1 008 includes a candidate search function (CSF) 1 702, a clustering decision function (CDF) 1 704, a clustering 

25 management function (CMF) 1 706, paging monitoring function (PMF) 1 708 and performance evaluation function (PEF) 
1710. Based on information from the PMAP 1002, the CSF 1702 locates candidate paging areas to be joined to or 
disjoined from other paging areas. The CDF 1 704 determines, among the located candidate paging areas, which paging 
area should be really joined or disjoined. For example, a paging area that is allowed to have only one area ID and has 
already been joined to another area cannot be joined to any other paging area unless it is disjoined from the current 

30 area. The CDF 1704 may decide which area should be disjoined from the current area and joined to another area. The 
CMF 1706, based on the decisions made by the CDF 1704, updates the CMAP 1004. The CMF 1706 also updates 
the CMAPs of other areas from which it has just been disjoined and/or to which it has just been joined. 
[0062] On the other hand, the PMF 1 708 monitors information from the paging forwarding process 1010 that indicates 
frequencies of paging : and information from the probability map update process 1006 that indicates changes in MH 

35 traffic, i.e., how many MHs have moved from one area to another. The PEF 1710 evaluates the size of the current 
paging areas. In general, if the number of paging operations has increased, the size of the paging areas should be 
decreased to reduce the total cost of paging network traffic. On the other hand, the size of the paging areas should be 
increased if the movement traffic of MHs has increased. 

[0063] FIG. 18 is an operational block diagram of the paging forwarding process 1010 of FIG. 10. The paging for- 
*o warding process includes a CMAP discovery function (CMDF) 1802, a paging forwarding function (PFF) 1804 and 
paging notification function (PNF) 1806. The CMDF 1 802 receives a paging trigger packet from a dormant memory 
agent (DMA) operation 1 808 and queries the CMAP 1 004 to determine to which area the packet should be delivered. 
The determined area contains the MH to which the paging trigger packet was directed. The PFF 1804 forwards the 
paging trigger packet to the area determined by the CMDF 1802. The PNF 1806 notifies the clustering process 1 008 
45 of frequencies of paging trigger packets received from the DMA operation 1 808. 

[0064] FIG. 19 is an operational block diagram of the probability map update process 1006 of FiG. 10. The probability 
map update process 1006 includes a PMAP maintenance function (PMMF) 1902, a report acceptance function (PAF) 
1904 and a movement notification function (MNF) 1406. The PAF 1904 receives a registration signal from the host 
reporter agent (HRA) 908 in a MH 902 (FIG. 9). Notified by the PAF 1 904, the PMMF 1 902 calculates statistics of MHs 
50 coming in and out and updates the PMAP 1002. The MNF 1906 determines frequencies of MHs coming in and out 
and notifies the clustering process 1008. 

[0065] FIG. 20 is an operational block diagram of the host reporter agent (HRA) 908 in a MH 902 (FIG. 9). The HRA 
includes a reporter process (REPF) 2002, and a previous location table (PLT) 2004 and a current location table (CLT) 
2006. As the MH travels, the REPF 2002 updates the both PLT 2004 and CLT 2006 and registers the MH with a new 
55 area. The reporter process 2002 reports paging area movement to the current paging area clustering agent. As is 
indicated in FIG. 20, the PLT 2004 stores the paging identifier (PID) and the network access identifier (NAI) for the 
previous paging area clustering agent. Similarly, the CLT 2006 stores the paging identifier (PID) and the network access 
identifier (NAI) for the current paging area clustering agent. When the MH moves to another paging area, the reporter 
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process 2002 moves the current location table 2006 information to the previous location table 2004. 
[0066] FIG. 21 illustrates clustering of paging areas represented by their paging area clustering agents (PCAs). A 
cluster 21 02 has one PCA to which all other PCAs in the cluster 21 02 belong or are associated. Such as PCA is called 
the root PCA 21 04. The cluster 21 02 also has PCAs at which its tree structure terminates. These are referred to herein 
as leaf PCAs 2108. The other PCAs, between the root PCA 21 04 and the leaf PCAs 2108 in the tree, are referred to 
as intermediate PCAs 21 06. 

[0067] FIGS. 22 - 26 illustrate clustering operations. FIG. 22 illustrates a join operation. In a join operation, a PCA 
which does not currently belong to any cluster joins to another PCA or a member of an existing PCA cluster. As shown 
in FIG. 21, PCA2 is being joined to PCA1 to form a duster 2202. Subsequently, PC A3 is joined to the cluster 2202 of 
PCA1 and PCA2. 

[0068] FIG. 23 illustrates a second clustering operation, called "leave." In this operation, a leaf PCA or an intermediate 
PCA leaves a PCA cluster. In FIG. 23, PC A3 severs itself from a cluster 2302 consisting of PCA1 and PCA2. The 
resulting cluster 2302 includes only PCA1 and PCA2. 

[0069] FIG. 24 illustrates a third operation, called "cluster merge." In a cluster merge, a root PCA joins to a PCA or 
a member of a preexisting PCA cluster. In FIG. 24, a cluster 2402 consisting of PCA1 , PCA2 and PC A3 are merging 
with a cluster 2404 consisting of PCA4 and PCA5. The merged cluster 2406 includes all of PCA1, PCA2 and PCA3, 
PCA4 and PCAS. PCA1 was the root cluster for cluster 2402 and is the root cluster for the merged cluster 2406. 
[0070] FIG. 25 illustrates a fourth operation, called "cluster prune." In this operation, a root PCA or intermediate PCA 
prunes or removes successive sets of PCAs from the original cluster. PCAs of the resulting clusters become the root 
PCAs for the respective clusters. As shown in FIG. 25, an initial cluster 2502 results in two separate clusters 2504, 
2506. Cluster 2504 consisting of PCA4 and PCA5 severs itself from a cluster2506 consisting of PCA1 , PCA2 and PCA3. 
[0071] FIG. 26 illustrates a last operation, called "cluster devolution." In this operation, a root PCA leaves a cluster 
and transfers cluster information to a successor root cluster. In FIG. 26, PCA1 is the root PCA of the cluster 2602. 
PCA1 leaves the cluster 2602, leaving the other PCAs behind. PCA2 becomes the root PCA of the remaining cluster 
2602. 

[0072] The table below shows the messages used in one embodiment of the system and method described herein. 
{JOIN REQ, ALLOW JOIN, DENY JOIN} is a message set of the Join operation. {LEAVE REQ, LEAVE ACK} is a 
message set for the Leave operation. {PRUNE REQ. PRUNE ACK} is a message set for the Prune operation. There 
are no ALLOW or DENY messages for the Leave and Prune operations. The last message is used for traffic reporting. 
These messages are conveyed hop-by-hop through the master-slave relations in the paging clusters. 



Table: 
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40 



45 



50 



Protocol Messages 


Message 


Description 


Sender 


Receiver 


JOIN REQ 


Sent to join a cluster 


ROOT 


ROOT 


A LLOW JOIN 


Permit JOIN REQ 


ROOT 


ROOT 


DENY JOIN 


Reject JOIN REQ 


ROOT 


ROOT 


LEAVE REQ 


Sent to leave a cluster 


BRANCH, LEAF 


ROOT 


LEAVE ACK 


Ack of LEAVE REQ 


ROOT 


BRANCH. LEAF 


PRUNE REQ 


Sent to prune a tree 


ROOT 


BRANCKLEAF 


PRUNE ACK 


Ack of PRUNE REQ 


BRANCH, LEAF 


ROOT 


PMAP REPORT 


PMAP report 


BRANCH,LEAF 


ROOT 



[0073] Initially, the base station routers (BSRs) are isolated. All the BSRs execute procedure Main() in the beginning 
of each bootstrap round. One embodiment of procedure Main() is shown below. During the execution of the procedure, 
the BSRs are partitioned into clusters. A cluster is a set of interconnected BSRs. A cluster can include a single BSR 
There is only one ROOT BSR in each cluster. For a single BSR cluster, the only member is the ROOT BSR. When a 
ROOT BSR retires, it stops being a ROOT and will be inactive for the rest of the ROOT algorithm, unless it becomes 
a ROOT again. 

[0074] The procedure Main() calls a procedure depending on the BSR's status. If the BSR is a ROOT, it calls Root 
Main(). Otherwise, it calls a procedure Other MainQ. Since this is an asynchronous distributed algorithm, a Lock mutex 
variable is defined to protect critical sections within a BSR. 
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Main() { // Main for all 

1 prepare a mutex Lock; 

2 variable v is this RSR; 

3 while true { 

4 if (v mm ROOT) 

5 Root Main (v) ; 

6 else 

7 Other Main (v) ; 

8 } 

* } 



[0075] The procedure Root_Main() waits for messages defined in the table above during T period. The procedure 
fs Wait_For_Jnput() is used for accepting asynchronous incoming requests. When the procedure Wait_ForJnput() re- 
turns, it executes a procedure Root_Msg__RecvO, which handles received messages. A constant T is assumed, such 
that user movement and paging traffic statistics are sampled in T period. A choice of T can be set by operators. 
[0076] After the time period T, the procedure Root_Main() calls procedure Root_Trigger(). This procedure decides 
whether the ROOT BSR takes a join or prune action. The procedure Root_Trigger() is described in greater detail below. 

20 

Root_Main(v) { // Main for ROOT 

I var_BSR u; 

25 2 t 0 = current_time () ; 

3 while (current_ time () - t 0 T period) { 

4 Wait_For_Input (&RootJMsg Recv () , timeout) ; 

5 } 

6 switch (Root Trigger (v,PMAP, &u) ) { 
30 7 case JOIN : 

8 Join(u,v) ; break ; 

9 case PRUNE : 

10 Prune ( ) ; break 

II case default : 
35 12 break; 

13 } 



40 

14 return; 

15 ) 

45 [0077] The procedure Root_Msg„Recv() is called in the procedure Root_Main(). It processes received messages. 
A PMAP REPORT message is received from a slave BSR. All of the PMAP information within a cluster must be reported 
to the ROOT BSR so that it can detect all the neighboring paging areas. A JOIN REQ message comes from another 
ROOT BSR, which requests to join to the cluster. The message JOIN REQ must contain the requesting ROOT BSR's 
current PA-ID to prevent a master-slave looping. A LEAVE REQ message comes from a slave BSR, which requests 

so to leave the cluster. The procedure Root_Msg_Recv() also needs to acquire the lock after it receives a message to 
avoid data inconsistency. If it fails to acquire the lock, it just sends an error message to the previous sender. 



55 



10 



NSDOCID: <EP 1301052A2_I_> 



EP 1 30 1 052 A2 



10 



15 



Root_Hsg_Recv (v) { // Message handler for ROOT 

1 msg = receive (); 

2 if {acquire (Lock) true) { 

3 switch (msg. type) { 

4 case PMAPJREPORT: 

5 PMAP msg. body; break,- 

6 case JOIN REQ: 

7 Join_hdr (msg, v) ; 

8 case LEAVEJREQ: 

9 Leave^hdr (msg, v) 

10 } 

11 release (Lock) ; 

12 } else { 

13 send (msg . sender, ERROR) 

14 } 

15 } 



break; 
; break; 



20 



25 



[0078] The procedure Join _hdr() handles a join request from another ROOT BSR. Since this is a distributed proce- 
dure, it might have old information about the neighboring paging areas. The procedure fetches neighbor information 
by requiring PMAPs of the current slaves. Then, the ROOT calculates CostChange(), a procedure which is described 
below in detail. If the result of the procedure CostChange() is positive, the Join_hdr() procedure checks the maximum 
size K"of the cluster. If the size of the cluster is below K, the ROOT BSR allows to join. Then, it must update the tree 
topology and neighbor information related to the join operation. Finally the ROOT BSR sends out the ALLOW JOIN 
message to the sender. Otherwise, it replies by DENY JOIN. This procedure also must be carried out within the mutex 
lock. 



30 



35 



40 



«Join_hdr (msg,v) { // .Join request handler 

1 fetch current PMAP info from slaves; 

2 if (CostChange (v) positive) { 

3 if (total size of the cluster K) { 

4 msg- sender added to the cluster ; 

5 Update topology information; 

6 Update neighbor information; 

7 send (msg. sender , AI*LOW_JOIN) ; return; 

8 } else 

9 send (msg. sender, DENY__J* O IN ) ; return ; 

10 else 

11 send(msg.sender, DEtfY_JOIN) r - return; 

12 } 



45 



[0079] The Leave() procedure deals with a leave request. A ROOT BSR allows a BRANCH and LEAF BSRs to leave 
at anytime. The Leave() procedure updates the tree topology by cutting off the requester. After that, the ROOT BSR 
just sends an acknowledgement. 



50 



Leave -hdr (msg, v) { // Leave request handler 

1 msg. sender removed from the cluster; 

2 send (msg. sender, L E A V E__AC K ) ; 

3 } 



55 



[0080] The JoinQ procedure is called after the ROOT BSR decides to join to another cluster. It must acquire the lock 
before sending the message. If the othar ROOT BSR allows the ROOT BSR to join, the requester receives an 
ALLOW_JO!N message. Then, the requester ROOT BSR retires from a ROOT and starts being a BRANCH or LEAF. 
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jroia(u,v) { // Join request sender 

1 if (acquire (Lock) == true) { 

2 send (u, JOINJRJEQ) ; 

3 msg = receive (); 

4 if (msg. type == ALL0W_J0IN) { 

5 v retires from root ; 

6 release (Lock) ; 

7 return; 

8 } else if (msg . type == DENY__JOIN) { 

9 release (Lock) ; 

10 returne- 



rs 



11 } 

12 } else 

13 return; 



14 } 



[0081] The procedure Prune()is called afterthe ROOT BSR decides to prune some of the BRANCH trees or LEAFs 
within the cluster. This prune decision is made in Root TriggerQ, which is described below.. 



[0082] The procedure Other_Main()is for the BRANCH and LEAF BSRs. After the time period T, it sends a PMAP 
report to its ROOT BSR. The BRANCH and LEAF BSRs are allowed only one voluntary operation, Leave. The procedure 
40 Others_TriggerQ decides to leave or stay in the current cluster, which is described below. Once a BSR decides to 
leave, it sends a LEAVE_REQ message to the ROOT BSR. If the requesting BSR receives a permission from the 
ROOT BSR, it updates the topology and neighbor information. Note that the leave operation is not allowed when the 
BSR is in the ROOT status. 



25 
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Prune (v) { // Prune request sender 

1 if (acquire (Lock) true) { 

2 for each remaining w 2 v's slaves; 

3 send (w r PRUNE_REQ) ; 

4 msg = receive (w) ; 

5 if (msg. type == PRUNE_ACK) 

6 Separate w; 

7 else 

8 return; 



35 



9 } 

10 } 
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Other_Main(v) { // BRANCH and LEAF'S Main 

1 t 0 - current time ( > ; 

2 while {current time() - to T period) { 

3 Wait For Input (&Other_Msg_Recv, timeout) 

4 } 

5 send (master, PMAP_inf o) ; 

6 if (!Leave_Trigger (PMAP, v) negative) { 

7 acquire (Lock) ; 

8 send (ROOT, LEAVE__REQ) 

9 msg = receive (ROOT) ; 

10 if (msg. type == ALLOW_LEAVE) { 

11 apdate topology information ; 

12 Update neighbor information; 

13 release (Lock) ; 

14 return; 

15 }; 

16 release (Lock) ; 

17 return; 



2D 



19 } • 



[0083] The BRANCH and LEAF BSRs are supposed to accept four messages during the period T. When a BRANCH 
30 or LEAVE BSR receives a JO!N_REQ and LEAVE_REQ message, it simply forwards to the master BSR. if a BSR 
receives the message FETCH_REQ. it sends back its PMAP information to the requester. When a BSR receives 
PRUNE REQ it executes Prune() operation to leave from the current cluster with slave BSRs beneath. Note that in the 
voluntary leave, the BSR leaves without the staves. However in the prune, the BSR leaves with the slave BSRs. 

35 

Other_MsgJRecv(v) {// Message handler for Others 





1 


msg =5 receive () ; 




2 


if (acquire (Lock) == true) { 




' 3 


switch (msg . type) { 


40 


4 


case JOIN_REQ 




5 


send (master, msg) ,- break; 




6 


case LEAVEJREQ 




7 


send (master, msg) ; break; 




8 


case PRUNE_REQ 


45 


3 


Prune (v) ; break 




10. 


case FETCH_REQ 




11 


send (msg. sender , PMAP) ; break; 




12 


} 




13 


else 


50 


14 


send (msg. sender, ERROR) ; 




15 


} 




16 


release (Lock).; 




17 


} 



[0084] Trigger functions utilize statistical tables made by the traffic samplings described above. A ROOT BSR can 
decide whether to join another cluster or to prune the tree. 
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U W; 



25 



13 
14 
15 
16 
17 




u removed from neighbor list; 



18 } 



[0085] In the beginning, Root_Trigger() tries to find neighboring paging areas by using collected PMAP. Then, it 
30 begins to calculate a prune trigger. If the paging cost exceed a certain limitation, the paging area size should be reduced 
so that it wont occupy too much wireless bandwidth. If the result of Cost(), which is described below is larger than the 
value of the variable PruneThreshofd, all the branches are untied to be independent BSRs. 

[0086] Next, Root_Trigger calculates the join trigger. A ROOT BSR is able to know all the slave's PMAP, which is 
reported from the slave to its root. The collected PMAP provides the ROOT BSR the marginal probability distribution 

35 of neighboring paging areas. The join trigger searches all the possible neighbors by looking up PMAP. For each can- 
didate, it calculates function Cost_Change(), which is described below. Root_Trigger() searches minimum cost join 
candidate. If the candidate is below the value of the variable Join Threshold, the ROOT base station decides to join to it. 
[0087] If the /alue of the variable JoinThreshold is set large enough, a ROOT BSR learns to joins to others faster. 
[0088] The procedure Leave_Trigger() is the only operation that n on- ROOT BSRs execute. Every BSR maintains 

40 its PMAP and if the BSR estimates the movement within the current cluster is lower than another paging area, it tries 
to leave the current cluster. 



[0089] Initialsy, the procedure Leave_Trigger() refreshes, PMAP information. Then, the BSR compares the marginal 
probability distributions in PMAP with that of current cluster. If the value for the current cluster is lower than the others, 
it decides to leave by returning a negative value. Otherwise, it remains in the same cluster 
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Iieave Trigger (PMAP, v) { 

1 refresh PMAP information; 



50 
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[0090] Note that when two cells are in same paging area, then a dormant mode user will not update its location 
information when it moves between those two cells. This is because a mobile host will not enter the active mode until 
it hears a different PA-ID. As a result, no location update message with which the user traffic is monitored will be sent. 
This may be referred to as a hidden movement problem. When the inner traffic pattern has changed, the old pattern 
s may become costly, as cost is used herein. Under these circumstances, the BSR must be able to detach itself from 
the old paging area so that it can choose the best new paging area to join. In order to solve this problem, a simulated 
annealing method is proposed. In every entry refresh in PMAP, a BSR calculates the following equation: 

to *p,('+D = d-P^)0 

where t pv {f) is the current traffic information and p G [0,1] is a configurable constant which decides how fast the 
cell becomes independent. 

[0091] The meaning of this equation is straightforward. If a boundary disappeared since the cell joined a paging area, 
15 the algorithm assumes the traffic on that boundary begins to decline. When the z pv (t + 1) is lower than a certain 
threshold, the algorithm will make the cell independent to perform the join action again. As a result, after a certain 
period, the cell will become independent. When a cell finds there is no different paging area on its boundaries ; the 
annealing algorithm will not be performed. 

[0092] The algorithm described herein depends on the proper trigger to join/leave paging areas. Since one of the 
20 targets of dynamic paging area construction is to minimize the overall paging cost, it is natural to use a cost function 
as the trigger. As discussed above, the overall paging cost can be divided into two parts, the paging cost and location 
update cost. 

Paging Cost 

25 

[0093] The paging cost is defined as the bytes/sec which are transmitted within a paging area when an incoming 
call is received. The paging cost can be further divided into two types: the cost for wired and the cost for wireless 
channels. In order to measure the paging cost, the following parameters are defined: 

30 PAi -the ith Paging Area 

Ri- the incoming call rate of paging area / (PAi) {call/sec) 
Cp - the paging cost in a cell for a call ( bytes I (call-cell) ) 
Ncefls(i) - The number of cells In the paging area / (cell) 

35 [0094] Furthermore, o.C p is the cost of sending a paging request from a router to another, and pC p is the cost of 
broadcasting a paging request on the air. a and p are weights for wire and wireless transmission. For each incoming 
call for PAi t we assume that the paging message is transmitted only once to each cell and then broadcasted on the 
air. The paging cost is then described in the following equation: 



Oost hco mjn g (/) = R, x (a + p) x W Mfe x C p 

Location Tracking Cost 

[0095] When a user moves from his old PAj into a new PAI it has to update the location information. The Location 
Update Cost is defined as number of bits that are transmitted per-second when a user crosses the boundaries sepa- 
rating two different paging areas. Note that if two cells are in the same paging area when a user crossed the boundaries 
of these two cells, the user will not update the information. In order to measure this location update cost, the following 
parameters are defined: 

pji - the rate of users moves from PAj to PAL ( usersec) 

pij~ the percentage of users moves from PAi to PAj. ( usersec) 

dBSRi;TAi - The average distance, i.e. number of hops, between the BSR and TA in PAi (hops) 
dBSRi;DMAi - The average distance, i.e. number of hops, between the BSR and DMA in PAi (hops) 
Cu the location update cost per hop ( bytesuser f hop ) 
N{i) the set containing the paging area adjacent to PAi, does not include PAL 

[0096] For each paging area i 
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Total Paging Cost 

*o [0097] Based on the cost functions presented herein, the total cost during a certain time period is defined as follows: 



Cost = R, x (a + fi)x x C p + £ 2/*, + ) + ^fc 



[0098] Based on this equation, 3 parameters, incoming call rate, size of the paging area, and traffic information 
20 between two paging areas contribute to the total cost significantly. Next, the relationship between these parameters 
and dynamic paging area construction is analyzed. 

Traffic Pattern 

25 [0099] Based on the cost function, it can be seen that the traffic between two paging areas contributes to the paging 
cost significantly. Intuitively, when the traffic between two different paging areas is heavy enough, by combining two 
cells, it is possible to reduce the overall paging cost since less location update information is transmitted. Based on 
this fact, triggering of the join action will be analyzed. 

[0100] Consider two paging areas, ij, which are adjacent to each other. Then based on the cost function above, 
30 during a fixed period, the cost of paging area / is 



Cost, =R i *{a + p)xN cetls (i)xC p + X 2 ^*K rf «*» + d BSR i .BA* i )+f 3 ]f : u 

35 



[01 01 ] The total cost during period T is 



cosf = costi -h costj 



[0102] After we combine the two PAi and PAj, during the same period of T, the total cost is 

Total = (R; + Rj ) x (a + J3) x ((n^ <7) + (y))x C„ + ) 

+ X 2 P* [ a ( d BSX, .7* + d BSRi ,DMAi ) + fa* 

[0103] Subtract from the total paging cost before combining them together 
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Cost^ = ((R t Nj + R,N, )x {a + fl)x C p 

~ 2 Pfi b^BS^JA, + d BSR l .DM i hfilFu 
~ 2P V R^BS*. ,7H + d tSR t .DUA i )+ PY« 

[0104J If the distance is similar, we then have the following equation 

Cost^ =((R l N j + R J N l )x(a+/3)xC p 

~ 2 P» [ a { d BSR.TA + d BSR.DMA )+ P)P. . 

where pi;j = pij + pji and it represents the all the traffic between the two different paging areas. It is clear that 
when the Cost C7hange is less than 0, by combining two paging areas, the overall paging cost can be reduced. The 
combination process only impacts the overatl paging cost of the two paging areas involved. 

Incoming Call rate 

[0105] Triggering of the join action was discussed above. In some situations, the upper bound forthe paging cost is 
fixed. For example, the operator can set the upper bound of the cost function so that it won't occupy too much wireless 
bandwidth. This situation can be referred to as a Fixed Energy Budget environment. When the paging area is stabilized 
and the incoming rate increases significantly, by reducing the size of the paging area, the cost can be reduced to the 
original level. In the presently disclosed embodiments, the prune action is always triggered under this circumstance. 
[0106] FIGS. 27-35 illustrate communication during clustering operation procedures. In the illustrated embodiment, 
there are six procedures: a movement report procedure, the join procedure, the leave procedure, the cluster merge 
procedure, the cluster prune procedure and the cluster devolution procedure. Each of these will be described in turn. 
[0107] FIG. 27 illustrates communication during a movement report procedure. As show in FIG. 27, a mobile host 
(MH) is currently registered in a communication network with a last hop router of the network, designated nLHR. The 
MH travels and conducts 2702 a layer 3 hand-off from nLHR to a last hop router designated n+1 LHR. Any conventional 
hand-off procedure suitable for the communication network may be used. The MH then reports 2704 its movement 
into the n+1 LHR or registers with the n+1 LHR. 

[0108] FIGS. 28 and 29 illustrate the second procedure, the "joining procedure." In FIG. 28, PCA1 is joining to PCA2. 
PCA1 first sends 2802 a request to join to PCA2. If PCA1 is allowed to be joined, PCA2 sends 2804 a reply to PCA1 
acceptingthe joining PC A1 . After being joined with PCA1, PCA2 becomes a root PCA. PCA2 switches from the default 
information (FIG. 14) to the root information (FIG. 16) and updates the root information to add PCA1 to the root infor- 
mation as a subordinate PCA. PCA1 becomes dependent from PCA2. PCA1 switches from the default information to 
the branch information (FIG. 15) to add PCA2 to it as its root PCA. 

[0109] One PCA may join a cluster of PCAs. As shown in FIG. 29, PCA1 is about to join a cluster consisting of PCA4, 
PCA 3 and PCA2. In this cluster, PCA4 is the root PCA, PCA3 is an intermediate PCA, and PCA2 is a leaf PCA. PCA1 
first sends 2902 a join request to PCA2. Retrieving its cluster map (CMAP), PCA2 forwards 2904 the request to its 
immediate predecessor PC A3, which likewise forwards 2906 the join request to the root PCA, PCA4. If joining of PCA1 
is acceptable, PCA4 sends 291 0 a reply accepting joining with PCA1 . This reply is forwarded 2912 though PC A3 and 
forwarded 2914 through PCA2 to PCA1 . PCA4, PCA3 and PCA2 add PCA1 to their CMAPs as a distal PCA connected 
to PCA2 in their tree structure. 

[0110] The third procedure is called a "leave procedure." FIGS. 30-32 illustrate examples of the leave procedure. In 
FIG. 30, PCA4, PCA3, PCA2 and PCA1 form a cluster in which PCA4 is a root PCA, PCA I is a leaf PCA, and PC A3 
and PCA2 are intermediate PCAs. PCA1 is about to sever itself from the cluster. A request from PCA1 is forwarded 
3002 to PCA4 though intermediate PCAs 2 and 3. PCA4 in return sends 3004 a reply to PCA1 through the same path 
in the reverse direction. After PCA1 is severed from the cluster, PCA4, PC A3 and PCA2 delete PCA1 from the cluster 
tree in their CMAPs. 

[0111] FIG, 31 shows another example of the leave procedure in which PCA2 is severing itself from the cluster. 
PCA2 sends 31 02 a request to PCA4 through PC A3. PCA4 in response returns 31 04 a reply to PCA2 through PC A3. 
In the meantime, PCA2 also sends 3106 the same request to PCA1, which returns 3108 a reply back to PCA2. After 
PCA2 is severed from the cluster, PCAs 4 and 3 delete PCA2 from the cluster tree in their CMAPs. PCA1 switches to 
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the default information and then sends 3110 a request to join to PCA3. The procedures for joining PCA1 to the cluster 
consisting of PC A3 and PCA4 are the same as described above.. 

[0112] FIG. 32 shows another example of the leave procedure in which PC A3 is severing itself from the cluster 
PC A3 sends 3202 a request to disjoin to PCA4. PCA4 returns 3204 a reply to PC A3. In the meantime, PCA3 sends 
s 3206 the same request to PCA2, which returns 3208 a reply to PC A3. After PCA3 is severed from the cluster, PCA4 
switches back to the default information. PCA2 then sends 3210 a request Lo merge to PCA4. The procedures for 
merge are already described above. 

[0113] FIG. 33 illustrates the fourth procedure, called a "cluster merge procedure." As shown in FIG. 33, a cluster 
including PCA1 is merging to a cluster consisting of PCA4, PC A3 and PCA2. PCA4 is the root PC A in the merged 

io cluster. The merging cluster may Include other PCAs than PCA1 , which is the root PCA in the merging cluster. PCA1 
sends 3302 a request to merge to PCA2, which forwards 3304 the request to PCA4 through PCA3. If the merge is not 
going to violate any overlapping constraint or other constraints, PCA4 returns 3306 a reply to PCA1 which is forwarded 
3308 through intermediate PCAs 3 and 2. After the merge is completed, PCA4, PCA3 and PCA2 update their CMAPs 
to add the merging cluster including PCA1 that becomes subordinate to PCA2. Likewise, the PCAs in the merging 

is cluster also update their CMAPs. 

[01 1 4] The fifth procedure is called a "cluster prune procedure." In FIG. 34, there exists a cluster consisting of PC A3, 
PCA2 and PCA1 , where PC A3 is the root PCA, and PCA2 and PCA1 are intermediate PCAs. PCA2 wishes to sever 
PCA1 and itself from PC A3. PCA2 also wishes PCA1 to become the root PCA of the resulting cluster. PCA2 sends 
3402 a request to prune to PCA3 and sends 3404a request to PCA1 . if the prune is acceptable, PCA3 and PCA1 send 

20 3406, 3408 replies to PCA2. PCA1 and PCA2 are first severed from PCA3. PCA3 switches back to the default infor- 
mation. PCA1 then becomes a root PCA, and PCA2 becomes subordinate to PCA1 . PCA1 switches to the root infor- 
mation including PCA2 as a subordinate. 

[0115] The last procedure is called a "cluster devolution procedure." In FIG. 35, there is a cluster consisting of PCA3, 
PCA2, PCA1 and PCA0. In this cluster, PC A3 is the root PCA of the cluster. PCA2 and PCA3 are subordinate to PCA3 

25 at the same level. PCA0 is dependent from PCA1 . PCA3 is severing itself from the cluster and sends 3502 a request 
to server itself to PCA2. The request includes the information in the CMAP of PC A3 that indicates the tree structure 
of the cluster. PCA2 returns 3504 a reply to PCA3. Then, PCA1 severs itself from the cluster. At the same time, PCA2 
becomes the root PCA. If PC A3 wishes PCA1 to become a root PCA, it may send the same request to PCA1 , instead 
of PCA2. PCA2, as the rooi. PCA, notifies 3506 PCA1 and PCA0 of the cluster structure. In return, PCA1 and PCA0 

30 send 3508 an acknowledgement to PCA2. 

[0116] While a particular embodiment of the present invention has been shown and described, modifications may 
be made. It is therefore intended in the appended claims to cover such changes and modifications which follow in the 
true spirit and scope of the invention. 

35 

Claims 

1 . A method of operating a mobile host in a telecommunication system, the method comprising: 

40 receiving at the mobile host paging area identification information; transmitting location information from the 

mobile host to an access point of the telecommunication system; 
receiving at the mobile host subsequent paging area identification information; 

upon detecting a location change of the mobile host transmitting old location information to a new access 
point of the telecommunication system. 

45 

2. The method of claim 1 wherein transmitting the old location information includes transmitting the received paging 
area identification information. 

3. The method of claim 2 wherein receiving paging area identification information comprises receiving a paging area 
so identifier transmitted by an access point of the telecommunications network, the paging area identifier being for a 

current paging area associated with a transmitting access point. 

4. The method of claim 1 further comprising: 

55 comparing the received paging area identification information with stored paging area identification informa- 

tion; and 

when the received paging area identification information does not match the stored paging area identification 
infonnation, transmitting the the old location information to a new access point. 
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5. A method of operating a last hop router in a telecommunication system, the method comprising: 

receiving movement reports from mobile hosts in the telecommunication system; and 

based on the movement reports, determining clustering of paging areas in the telecommunication system. 

6. The method of claim 5 wherein receiving movement reports comprises: 

receiving information defining a previous base station identifier and a previous paging area identifier for a 
mobile host. 



7. The method of claim 5 further comprising: 

storing information about clustering of paging areas. 

15 8. The method of claim 5 further comprising: 

based on the received movement reports, storing a statistical record of past movement traffic of the mobile 
hosts. 

20 9. The method of claim 8 wherein, determining clustering Df paging areas comprises: 

based on the statistical record, determining which paging areas should be merged; and 
based on the statistical record, determining which paging areas should be severed. 

25 10. A method of clustering paging areas in a last hop router in a telecommunication system, the method comprising: 

storing probability information about past movement traffic of mobile hosts in the telecommunication system; 
combining probability information about mobile hosts entering a paging area of the telecommunication system; 
based on the combined probability information, combining paging areas of the telecommunication system. 



11. A last hop router configured for use in a telecommunication system, the last hop router comprising: 



a paging area clustering agent to receive movement reports from mobile hosts in the telecommunication sys- 
tem ard send paging messages to a paged mobile host; and 
35 a dormant monitoring agent to detect delivery of packets addressed to a mobile host in dormant mode and 

activate the paging area clustering agent to send a paging message to the mobile host. 

12. The last hop router of claim 11 further comprising: 

*o a local paging agent for sending paging signals to mobile hosts identifying a paging area associated with the 

last hop router. 

13. The last hop router of claim 11 wherein the paging area clustering agent comprises: 

45 a probability map configured to store information about past movement of one or more mobile hosts. 

14. The last hop router of claim 1 3 wherein the paging area clustering agent further comprises: 

a cluster map defining relationships between the paging area clustering agent and other paging area clustering 
50 agents of the telecommunication system. 

15. The last hop router of claim 14 wherein the paging area clustering agent comprises: 

computer readable software code defining a probability map update process; 
55 computer readable software code defining a clustering process; and 

computer readable software code defining a paging forwarding process. 

16. A data structure storable on a data storage medium, the data structure comprising: 
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a plurality of data elements representative of movements of mobile hosts in a telecommunication system. 

17. The data structure of claim 1 6 wherein the data structure comprises: 

5 a first map in which data elements are stored according to paging area identifiers and network address iden- 

tifiers of the telecommunication system; and 

a second map produced based on the first map in which data elements are stored according to paging area 
identifiers of the telecommunication system. 

10 18. The data structure of claim 16 wherein the data elements are probabilities of mobile host movement based on 
reported mobile host movements. 

19. A clustering process operative in conjunction with a telecommunication system including a plurality of access points 
capable of radio communication with a plurality of mobile hosts, the clustering process comprising: 

15 

a candidate search means for locating candidate paging areas of the telecommunication system for clustering 
operations; 

a clustering decision means for determining, among the located candidate paging areas, which paging areas 
should be clustered; 

20 a clustering management means for updating stored clustering data based on determinations of the clustering 

decision means. 

20. The clustering process of claim 19 wherein the candidate search means comprises computer readable program 
code stored at respective access points of the plurality of access points. 

25 

21 . The clustering process of claim 20 wherein the candidate search means is operatively coupled with a paging map 
storing information about mobile host movements in the telecommunication system. 

22. The clustering process of claim 1 9 wherein the clustering management means comprises computer readable pro- 
30 gram code? stored at respective access points of the plurality of access points. 

23. The clustering process of claim 22 wherein the clustering management means is operatively coupled with a cluster 
map storing information about current clustering of paging areas in the telecommunication system. 

35 24. The clustering process of claim 19 further comprising: 

paging monitoring means for collecting information about paging and mobile host movement in the telecom- 
munication system; and 

performance evaluation means for evaluating performance of the clustering process based on information 
40 collected by the paging monitoring means. 

25. A cluster map data structure storable on a data storage medium, the data structure comprising: 

a plurality of data elements representative of dynamically reconfigurable clusters of paging areas in a tele- 
45 communication system. 

26. The cluster map data structure of claim 25 wherein the plurality of data elements comprise: 

default data elements storing default information for a respective paging area; 
so branci data elements storing branch information for the respective paging area; and 

root data elements storing rood information for the respective paging area. 

27. A paging forwarding process operative in conjunction with a telecommunication system including a plurality of 
access points capable of radio communication with a plurality of mobile hosts, the paging forwarding process 

55 comprising: 

clustering map discovery means for determining in a clustering map to which paging areas of the telecommu- 
nication system packets should be delivered to in response to a received paging trigger packet; and 
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paging forwarding means for forwarding the paging trigger to a paging area determining by the clustering map 
discovery means. 

28. The paging forwarding process of claim 27 further comprising, paging notification means for tracking frequencies 
s of receipt of paging trigger packets. 

29. A join method for clustering of paging areas in a telecommunication sysLem, the join method comprising: 

at one access point of the telecommunication system, detecting another access point to join; 
10 sending a request to join the other access point; 

after joining, at the one access point, substituting branch clustering information for default clustering informa- 
tion; and 

specifying the other access point as a root. 

15 30. The join mothod of claim 29 wherein detecting another access point to join comprises: 

storing a probability map of information about movement of mobile hosts in the telecommunication system; and 
based on the probability map, identifying paging areas to be joined. 

20 31. A join method for clustering of paging areas in a telecommunication system, the join method comprising: 

at a leaf access point of a paging area cluster of access points of the telecommunication system, detecting 
receiving from a joining access point a request to join the paging area cluster; 

within the paging area cluster, forwarding the request through one or more predecessor access points to a 
25 root access point; 

at the root access point, determining if joining is permitted; 

if joining is permitted, sending a reply from the root access point through the one or more predecessor access 
points to the leaf access point for communication to the joining access point. 

30 32. A leave method for clustering of paging areas in a telecommunication system, the leave method comprising: 

at a deoarting access point of a paging area cluster of access points of the telecommunication system, origi- 
nating -equest to leave the paging area cluster; 

within the paging area cluster, forwarding the request through one or more predecessor access points to a 
35 root access point; 

at the root access point, determining if leaving is permitted; 

if leaving is permitted, sending a reply from the root access point through the one or more predecessor access 
points to the departing access point; and 

after the departing access point is severed from the paging area cluster, deleting information about the de- 
40 parting access point from storage at the one or more predecessor access points and the root access point. 

33. A cluster merge method for clustering of paging areas in a telecommunication system, the cluster merge method 
comprising: 

45 at a first paging area cluster of access points, receiving a request to merge from a second paging area cluster 

of access points; 

forwarding the request to a root of the first paging area cluster; 
determining at the root if the request to merge may be granted; 
returning a reply to the second paging area cluster; and 
50 after merging the first paging area cluster and the second paging area cluster, at access points of the first 

paging area cluster of access points, updating stored clustering data to reflect the merging. 

34. A cluster prune method for clustering of paging areas in a telecommunication system, the cluster prune method 
comprising 

55 

at one access point of a paging area cluster of access points, originating a request to prune to other access 
points of the paging area cluster of access points; 
receiving a reply from the other access points; and 
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severing one set of access points of the paging area cluster of access points from another set of access points. 

35. The duster prune method of claim 34 wherein originating a request to prune comprises: 

s identifying one or more access points to sever from the paging area cluster to form a new cluster; and 

identifying an access point of the one or more access points to become a root of the new cluster. 

36. A cluster oevolution method for clustering of paging areas in a telecommunication system, the cluster devolution 
method comprising: 

10 

at a root access point of a paging area cluster of access points, originating a request to devolve to other access 
points of the paging area cluster of access points, the request including information defining a tree structure 
of the paging area cluster; 
receiving a reply at the root access point; and 
15 in response to the reply, severing from the paging area cluster. 

37. The cluster devolution method of claim 36 further comprising: 

receiving the request at a second access point; 
20 sending the reply to the root access point; and 

after tie severing, notifying other access points of the paging area cluster that the second access point is a 
new root access point. 
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(54) Method and associated apparatus for distributed dynamic paging area clustering under 
heterogeneous access network 



(57) In a telecommunication system, paging areas 
may be automatically reconfigured as required. Paging 
areas can be adaptively reconfigured in accordance 
with changes in movement traffic of mobile hosts. The 
system and method work under a constraint that only a 



limited number of area IDs are permitted for each paging 
unit area. Also, the system and method work over het- 
erogeneous access networks. Thus, according to the 
presently disclosed embodiments, paging areas recon- 
figure themselves according to changes in movement 
traffic of mobile hosts. 
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